Here we describe a generic, reverse transcriptase-loop-mediated isothermal amplification (RT-LAMP) assay, for the identification of Leishmania species from clinical samples. LAMP is an isothermal reaction recently developed as a point-of-care diagnostic tool. Primers were designed in the conserved region of the 18S ribosomal RNA (rRNA) gene; amplification was visualized by the pre-amplification addition of fluorescent detection reagent (FDR) and a simple UV lamp. By using a reverse-transcriptase step, the system detected infections between 10 and 100 parasites per mL. The assay was tested on a range of nucleic acid extracts from Leishmania species, visceral leishmaniasis (VL) patients from Sudan, and cutaneous leishmaniasis (CL) patients from Suriname. The sensitivity of RT-LAMP from the blood of VL patients was 83% ( N = 30) compared with microscopy of bone-marrow and lymph-node aspirates; for CL patients the observed sensitivity was 98% ( N = 43). The potential to use LAMP as a diagnostic tool for leishmaniasis is discussed.
INTRODUCTION
Leishmaniasis is caused by a single-celled, eukaryotic parasite transmitted by the bite of an infected sand fly. In humans, a range of clinical symptoms can be observed from self-healing skin lesions in cutaneous leishmaniasis (CL), lesions of the mucosal tracts in mucosal leishmaniasis (MCL) to the fatal form, visceral leishmaniasis (VL) also known as kala-azar. 1 In addition, 5-60% (depending on geographical area) of treated VL patients develop the condition known as post-kala azar dermal leishmaniasis (PKDL), which becomes a reservoir for ongoing transmission of VL. 2 , 3 This clinical spectrum of diseases is reflected in the number of Leishmania species that are able to infect humans; 20 species are known to cause disease, three can cause fatal VL, Leishmania donovani, Leishmania infantum , and Leishmania chagasi , the remainder can cause CL and/or MCL. Around 350 million people are at risk of infection and the annual incidence is estimated at 500,000 cases of VL and 1 to 1.5 million cases of CL. 4 Accurate and fast diagnosis of Leishmania infection is absolutely essential to initiate correct and prompt treatment. Currently, the gold standard diagnostic is conventional microscopy of bone marrow, lymph-node or spleen aspirates for VL and a combination of microscopy and culturing of parasites from biopsy material for CL. 5 , 6 Microscopy is widely used and has been used successfully in remote areas; however, this method is insensitive to low numbers of parasites, which is frequently observed in VL patients . In addition, aspirates for microscopy must be taken from the lymph nodes, bone marrow, or the spleen; spleenic aspirates are dangerous for the patient and the diagnostic sensitivity in other aspirates is lower than that of the spleen. 7 For CL, microscopy of skin smears and culturing parasites are associated with low sensitivity. 6 , 8 For VL a range of serological diagnostic techniques have been developed that are both sensitive and cost effective; the direct agglutination test (DAT) and the rK39 tests are extensively used in Asia and Africa 9 ; rK39 is also the diagnostic of choice for kala-azar elimination from South-East Asia. 10 , 11 However, antibodies detected by these tests can be found in the blood of infected patients for many months after the parasites have disappeared, making detection of active infection inaccurate; moreover, serological tests may not be used on immuno-compromised individuals. In addition, serological tests are not reliable for CL patients because of low or absent antibody titers in blood. 12 Recently, molecular tests have become popular choices as diagnostics tools because of increased sensitivity and accuracy such as polymerase chain reaction (PCR) 13 and quantification techniques such as realtime-PCR. 14 , 15 While these techniques have increased sensitivity, can detect active infections, and can be used for CL patients; they also require sufficient technical skill, equipment, continual electricity, and are considerably more expensive than the serological tests. 16 Therefore, many of these tests are not suitable for diagnosis in endemic regions, except in wellequipped laboratories. Isothermal amplification techniques such as nucleic acid sequence-based amplification (NASBA) for leishmaniasis have also been developed 17 ; however, the post-amplification analysis with oligo-chromatography makes this technique time-consuming and contamination prone.
A recent advance in diagnostics has been the development of loop-mediated isothermal reaction (LAMP). 18 This nucleic acid amplification technique uses only one enzyme ( Bst DNA polymerase) and is able to amplify large amounts of DNA within 30-60 minutes by the intricate design of primers and auto-strand displacement DNA synthesis. 18 The reaction has several advantages; first, the reaction takes place between 60 and 65°C, and can therefore be completed without the use of a thermocycler. Second, the specificity of the reaction is high because of the design of six primers. Third, the product can be visualized directly using simple detection methods. Recently, the stability of LAMP reagents was studied and showed to be unaffected by ambient temperatures up to 37°C, potentially negating a cold-chain. 19 Therefore, LAMP has emerged as a powerful tool for point-of-care diagnostics and has been implemented for other protozoan parasitic diseases such as the Plasmodium 20 , 21 and the Trypanosoma , 22 , 23 with high efficacy. Recently, several studies have included a reverse transcriptase step to specifically amplify RNA; this has mainly been used for amplification of RNA viruses such as human immunodeficiency virus (HIV) 24 and avian flu viruses, 25 moreover, by amplification of RNA it is possible to increase the sensitivity of the assay.
The objective of this study was to develop a quick, sensitive, and specific test that could be used with minimal equipment and no post-amplification handling. The aim was to design a pan-Leishmania assay that could be used for the diagnosis of both VL and CL and to test the assay on a range of clinical samples.
MATERIAL AND METHODS
Primer design. Primers were designed using PrimerExplorer version 4.0 software ( http://primerexplorer.jp/elamp4.0.0 ). The 18S ribosomal RNA (rRNA) gene was chosen for amplification because of the strong conservation across the Leishmania species for the design of a pan-Leishmania test. An alignment was made with the following species: Leishmania braziliensis braziliensis ( GenBank accession nos.: M80292 & DQ182537 ), Leishmania mexicana amazonensis ( M80293 & DQ182536 ), Leishmania tropica ( M80294 ), Leishmania adleri ( M80291 ), Leishmania donovani ( M80295, GQ332356 ), Leishmania guyanensis ( DQ182541 ), and Leishmania lainsoni ( DQ182542 ). Eight novel primer sets were designed with the software; primer sequences were subject to a basic local alignment search tool (BLAST) analysis against human DNA representing a possible source of mammalian contamination and against other organisms included in the differential diagnosis of leishmaniasis, such as Schistosoma , Mycobacterium sp., Plasmodium , and Brucella sp.
Reference DNA. Each novel primer set ( N = 8) was tested with nucleic acid extract from L. donovani isolates (10 5 parasites per mL; strain MHOM/SD/68/IS), and a temperature gradient from 58 to 66°C. The primer set with the strongest amplification ( Figure 1 ) was subsequently validated using reference DNA from 12 species of Leishmania , which are capable of infecting humans ( L. donovani, L. infantum, L. chagasi, L. guyanensis, L. major, L. tropica, L. mexicana, L. braziliensis, L. amazoniensis, L. aethipoia, L. lainsoni , and L. peruviana ) at concentration 10 5 parasites per mL. Three isolates of each species were tested to ensure all species and strains could be amplified by this pan-Leishmania test. Ten-fold dilutions of L. donovani (MHOM/ SD/68/IS) and L. guyanensis (MHOM/BZ/75/M4147) were used to examine sensitivity; serial dilutions were made from cultures (concentration 10 7 parasite per mL, counted using a Bürker counting chamber, VWR International, USA ) and DNA/RNA extracted with the Boom method 26 ; a serial dilution in TE buffer was made from this stock solution. Samples of Plasmodium falciparum, Escherichia coli, Staphylococcus aureus, Mycobacterium tuberculosis, M. leprae , and other atypical Mycobacterium infections were tested to ensure differential diagnosis could be made with these primers. Trypanosoma brucei and Trypanosoma cruzi were also tested because of the close genetic relationship of Leishmania with the Trypanosoma .
Clinical samples. Visceral leishmaniasis patients. Blood samples ( N = 30) from patients with VL caused by L. donovani from Barbar El-Fugara village, Gedarif State, Eastern Sudan were tested by RT-LAMP. Patients were confirmed as parasitologically positive by microscopic examination of bone marrow or lymph-node aspirates. Two hundred microliters (200 μL) EDTA blood was mixed with 1.2 mL L6 lysis-buffer (50 mM Tris HCl, 5 M GuSCN, 20 mM EDTA, 0.1% Triton-X-100); samples were transported at room temperature to the University of Khartoum in Sudan where DNA/RNA was extracted with the Boom method. 26 Blood ( N = 50) was collected from apparently healthy children, without clinical symptoms or suspicion of past and present VL or any other current infection/disease, also from Gedarif state, Sudan. Ethical clearance was obtained from the Medical Faculty of the University of Khartoum and the National Ethical Committee at the Federal Ministry of Health, Sudan. DNA/ RNA extractions were transported to Netherlands on dry ice.
Cutaneous leishmaniasis patients. Skin biopsies from parasitologically confirmed CL patients were collected from 17 patients in Suriname before treatment and during followup; follow-up biopsies were taken weekly, ranging from 1 to 4 weeks (total samples N = 43). Patients were diagnosed by direct microscopy of skin smears and treated with pentamidine over a 3-to 4-week period depending on lesion size and the physician's judgment, as is common practice in Suriname. A single skin biopsy (2 mm in diameter) was collected under local anesthesia (xylocaine) with a sterile disposable skin biopsy puncher from the active edge of the lesion according to World Health Organization (WHO) recommendations (WHO, 1990). Skin biopsies from lesions of CL patients were mixed with 950 μL L6 lysis buffer and stored at −70°C until further processing. The DNA/RNA was extracted with the Boom method 26 at the department of Dermatology, Academic Hospital Paramaribo, Suriname. Work performed in Suriname Table 1 for full primer sequences). was reviewed and approved by the Medical Ethical Committee of the Academic Medical Center, Amsterdam, The Netherlands (MEC 03/228). The DNA/RNA extractions were transported to The Netherlands on dry ice.
Quantitative reverse-transcriptase PCR (qRT-PCR). All samples were analyzed with quantitative reverse-transcriptase PCR (qRT-PCR) 14 ( Table 1 ) . This method is able to amplify all Leishmania species and quantifies parasitemia in patient samples. The 2.5 μL RNA/DNA extraction material was added to 22.5 μL amplification mix (I-script, Bio-Rad, USA ) and amplified in the IQ5-cycler (Bio-Rad) using the following program: 10 minutes at 50°C, 5 minutes at 95°C followed by 45 cycles of 30 sec at 95°C and 45 sec at 60°C. In each experiment, 10-fold serial dilutions of Leishmania parasite extracts (MHOM/SD/68/IS) were included for quantification.
RT-LAMP reaction conditions. The RT-LAMP reaction contained the following components: 5 pmol of primers F3 and B3, 40 pmol of primers forward inner primer (FIP) and backward inner primer (BIP), 20 pmol loop primers loop forward (LF) and loop backward (LB) ( Figure 1 ), 12.5 μL Buffer mix (Eiken, Japan ), 1 U LAMP enzyme (Eiken), and 1 U of Fluorescent detection reagents (FDR) (Eiken), 1 U of reverse-transcriptase (I-script, Biorad), and 2 μL of extracted nucleic acid in a total volume of 25 μL . The reaction was incubated at 50°C for 10 minutes to activate the reversetranscriptase enzyme; the reaction was then held at 64°C for 60 minutes for amplification and finally held at 80°C for 2 minutes to inactivate the reaction. Negative controls were included in every run to ensure no contamination was present. All RT-LAMP reactions were carried out at KIT-Biomedical Research in the Netherlands. The full function of the different primers is described and animated at ( http://loopamp.eiken. co.jp/e/lamp/ ); primers LF and LB are added to increase the number of loops in the reaction thereby increasing the speed of reaction.
Reaction times were reduced experimentally in steps of 5 minutes: 60, 55, 50, 45, 40, 35, and 30. Reactions were carried out in a thermocycler (Bio-Rad); several were also carried out in a water bath to ensure amplification could be generated with basic equipment. Successful amplification was detected by the addition of 1 U FDR (Eiken) before the reaction took place, to avoid post-amplification handling. This was visualized with a UV lamp post-reaction.
Specificity of the LAMP reaction is achieved by the intricate design of three sets of primers. This was verified with melt curves of the LAMP products from the following species: L. donovani, L. guyanensis, L. major, L. tropica, L. mexicana, L. braziliensis, L. amazoniensis, L. aethipoia , and L. infantum (10 5 parasites per mL). SYBR green was added to the assay (pre-amplification) at 1.25 μL per 25 μL reaction; FDR reagent was excluded from these reactions because of interference. The curves were completed, after LAMP amplification, on the FAM channel using 0.5°C steps and a hold of 30 sec at each step from 68 to 95°C (Bio-Rad IQ5).
Additionally, specificity was confirmed by sequencing the LAMP product of species L. donovani (MHOM/SD/68/IS) and L. guyanensis (MHOM/BZ/75/M4147). One microliter (1 μL) of LAMP product was included in a PCR reaction with primers F2 and B2 (1 mM) ( Table 1 ) dNTPs (0.4 mM), Hot start Taq (1U -Qiagen), and Buffer (10X) in final volume 25 μL. The reaction was run as follows: 10 minutes at 95°C, 30 cycles of 95°C 30 sec, 58°C for 30 sec, 72°C 45 sec, followed by 10 minutes extension at 72°C. The PCR product was run on an agarose gel (1%), purified (Base Clear) and sequenced directly (Macrogene). Resulting sequences were aligned using ClustalW ( http://www.ebi.ac.uk/Tools/clustalw2/index.html ) and BLAST searched.
RESULTS
Reference DNA. Eight primer sets were tested over a temperature range (58-66°C) with L. donovani 10 5 parasite per mL; only one primer set showed good amplification and was taken forward for further testing ( Table 1 ). This primer set was active from 60 to 66°C showing suitable use for water bath amplification where the temperature may fluctuate. Further reactions were carried out at 64°C. The RT-LAMP assay was able to amplify all species of Leishmania tested, including all major Old and New world species capable of infecting humans (10 5 parasites per mL). In serial dilutions of L. donovani and L. guyanensis RNA/DNA, the RT-LAMP reaction could detect between 10 and 100 parasites per mL ( Figure 2 ). Amplification could be achieved at 35 minutes for samples of high parasite concentration (around 10 4 per mL). However, samples of very low concentration (10 2 per mL) could only be detected at 50-60 minutes. A 60 minutes reaction time was used to ensure amplification of samples with low parasite concentrations as regularly found in the blood of patients infected with VL.
Melt curves of the following species were completed to ensure the specificity of the reaction. All isolates had a ( Table 2 ) , giving a sensitivity of 83% (CI: 65-94%) for RT-LAMP and 90% (CI: 72-97%) for qRT-PCR compared with microscopy of bone marrow and lymph-node aspirates. Of the 50 healthy endemic controls 49 were negative with qRT-PCR and RT-LAMP giving a specificity of 98% (CI: 88-99.9%) for both techniques, the positive samples were different for each test. It is possible that this false positive reaction is an asymptomatic carrier of L. donovani ; however, DAT results were negative.
Of the 43 CL samples from Suriname, 42 were positive with RT-LAMP against the gold standard, qRT-PCR in this case, sensitivity is 98% (CI: 86-99.9%). The qRT-PCR was used as the gold standard here as conventional microscopy results were only available on Day 1 of treatment. At Day 1 and 1 week after treatment, many samples contained extremely high levels of parasitemia > 10,000 per mL ( Table 2 ). The one LAMP negative sample was collected from a patient during week 4 of follow-up after treatment; according to qRT-PCR this sample contained 16 parasites per mL ( Table 2 ) . We have used follow-up samples from patients with low parasitemia to show the limits of LAMP analytical sensitivity at approximately 10-100 parasites per mL.
DISCUSSION
This study shows the use of an RT-LAMP system as a pan-Leishmania diagnostic test. This assay can be used for the sensitive amplification of Leishmania parasites from purified RNA/DNA and from patient samples taken in the field from endemic areas. A pan-Leishmania assay was designed so all species could be amplified in one test; the differential diagnosis between VL and CL can be made with clinical symptoms, and by producing one test greater standardization can be achieved. The diagnostic sensitivity of the test was 83% (CI: 65-94%) from the circulating blood of VL patients compared with microscopic examination of bone marrow and lymphnode aspirates. For CL patients, the test showed 98% sensitivity (CI: 86-99.9%); the increase in sensitivity is caused by the high parasite numbers in CL infections as shown by the qRT-PCR results. This shows that RT-LAMP has a comparable sensitivity to other molecular diagnostics yet amplification can be achieved quickly, with basic equipment and without postamplification handling.
A sensitivity of 83% for VL samples compared with microscopy of bone marrow samples compares with studies of PCR results on blood samples, e.g., 70% sensitivity, 27 92% sensitivity, 13 and 90% (CI: 72-97%) sensitivity of qRT-PCR from this study. Of the five RT-LAMP negative samples, three were also negative with qRT-PCR, the other two samples showed an infection with only 15 and 6 parasites per mL with qRT-PCR, respectively. This shows that RT-LAMP is able to amplify samples with 93% (CI: 74-99%) sensitivity compared with qRT-PCR in the circulating blood; blood sampling is a less invasive method of detection than spleen, bone marrow and lymph-node aspirates and is, therefore, safer for the patient. These results also compare favorably with another LAMP assay designed for the specific amplification of L. donovani; this assay was able to amplify 8 of 10 blood samples from parasitologically confirmed patients, a comparable sensitivity to nested PCR. 28 For suspected VL patients, the RT-LAMP assay has the potential to be used as an initial screen of suspected patients with DAT/rK39 positive serology; only patients with negative LAMP will then require an aspirate, saving time, money, and potential infection from aspirate sampling. It is of vital importance that this assay is now tested with suspected VL cases to assess the real sensitivity and specificity as a diagnostic tool.
The test performed with high sensitivity (98%) for CL, this observed increase is caused by high numbers of parasites in biopsy samples. This compares positively with other molecular diagnostics such as PCR Oligo-chromatography (74% sensitivity on CL aspirates and 92% on skin scrapings 29 ). The RT-LAMP could not amplify post-treatment patients when numbers of parasites fell to extremely low levels of around 10 parasites per mL. Because of such high parasitemia, the amplification time could be reduced from 60 to 40 minutes. The reverse transcriptase step increases the sensitivity by at least 10-fold; when high parasitemia is present; this step may be omitted, which would save on cost and one step in the amplification procedure. This is true for the species found in Suriname, predominantly L. guyanensis , but must be checked for other species of Leishmania parasite that cause CL as not all contain such high numbers of parasites in biopsy samples such as L. major (El Safi S, personal communication). Again, the assay should now be tested on CL suspected patients to assess the sensitivity as a diagnostic tool. In a brief cost evaluation, the RT-LAMP assay compares favorably with other molecular diagnostic tests. The cost (including transportation and FDR but excluding staffing costs) per 25 μL reaction is $3.5; in addition it is possible to reduce the volume of the reaction by half to $1.75 with no adverse consequences (Adams E, unpublished data). This is less or comparable to other molecular diagnostics such as real time-PCR, estimated at $12 and PCR-restriction fragment length polymorphism (PCR-RFLP) estimated at $2.5 per reaction. 16 In this study the FDR reagent (Eiken) was used as the detection method of choice as it can be added pre-reaction to avoid post-amplification handling, a contamination prone step. Other detection methods for LAMP amplification include the addition of ethidium bromide, which is carcinogenic, and the use of a tubidimeter, an expensive piece of laboratory equipment. We believe that the FDR reagent is currently the best method available; however, the cost of this reagent may hinder its use in endemic regions.
The RT-LAMP reaction was tested for cross-reactivity with other diseases with differential diagnosis to VL and CL; these included DNA/RNA samples from Malaria, Typhoid, Brucellosis, Leprosy, Tuberculosis, Leprosy, other a-typical mycobacterial infections, and Leptospirosis (common in late stage patients) and no cross reaction was observed. However, cross reaction of this assay was observed with Trypanosoma brucei and T. cruzi because of the similarity of the 18S region between the Kinetoplastida. A one hundred-fold difference between the amplification of Trypanosoma and Leishmania was detected. In practice the symptoms of sleeping sickness and Chagas disease are different to leishmaniasis; however, it should be the aim of future research to eliminate this cross reaction; this can be achieved by the design of species-specific LAMP reactions, or degenerate primer sets. It is not expected that this assay could amplify patient samples, especially from Chagas patients where the parasitemia is so low. The differential diagnoses of VL and CL do not overlap; in fact, the clinical symptoms of these diseases are quite different. The distinction between the different forms of leishmaniasis (VL, PKDL, CL, and MCL) is not possible with this assay; here differential diagnosis must be made on clinical symptoms.
In other LAMP studies the DNA/RNA preparation procedure has been minimized because of the high sensitivity of these assays. For example, in Malaria detection, direct amplification from parasites in boiled blood was successful 20 ; and for the Trypanosoma, amplification was possible from native sera, buffy-coat and heat-treated blood, serum, and cerebrospinal fluid (CSF). 23 For CL infections the parasite loads should be high enough for direct amplification from swab samples and boiled skin scrapings. However, the parasite load of VL is low, as shown by qRT-PCR, therefore, amplification with such crude preparation of nucleic acids may not be possible. Further work in selection of the best DNA/RNA preparation methods is needed to ensure minimal time and equipment required.
In conclusion, we have demonstrated the use of a sensitive and specific RT-LAMP assay for the detection of Leishmania species in purified DNA/RNA preparations and, importantly, from clinical samples collected in Suriname and Sudan. The next step for this assay is to use it in endemic settings to ensure that results can be achieved with the same sensitivity and specificity, especially for clinically suspected patients. The sensitivity and specificity of the assay compares favorably with other molecular diagnostics, yet has the advantages of a low technology tool with fast amplification and a simple readout system. Improvements in the bottleneck of DNA/RNA preparations where there is little pre-handling of samples in combination with this assay will enable the development of an effective diagnostic tool, suitable for field settings.
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